The measurement of biomarkers in blood specimens has become an integral component of many epidemiologic studies and introduces several decision points about specimen collection, processing, and storage for the investigator. We briefly discuss the current state of knowledge for four commonly assessed biomarkers: estrogens and other sex hormones, ascorbic acid and carotenoids, cytokines involved in the inflammatory response, and proteomics. Sex hormones are relatively robust to type of sample collected, delayed processing (if chilled), and long-term storage at <À70°C. Ascorbic acid and carotenoids also are relatively robust to sample type and delayed processing (if chilled); however, the blood sample should not be exposed to sunlight and must be stored at <À70°C to prevent substantial degradation. If ascorbic acid is of primary interest, an acid stabilizer should be added during processing. Less is known for cytokines and proteomics, although initial research suggests that these assays are sensitive to varying collection, processing, and storage methods. Overall, we recommend conducting pilot studies if any nonstandard collection, processing, or storage procedure is used. Finally, decisions about these issues depend primarily on the scientific questions of most interest, cost, flexibility, and resources. (Cancer Epidemiol Biomarkers Prev 2006;15(9):1578 -81) 
Introduction
The measurement of biomarkers in blood specimens has become an integral component of many epidemiologic studies. Use of blood biomarkers introduces several decision points at the study design phase for the investigator (1) . We briefly will discuss specimen collection, processing, and storage for four blood biomarkers of broad interest to the epidemiologic community: estrogens and other sex hormones, ascorbic acid and carotenoids, cytokines involved in the inflammatory response, and proteomics. This will provide guidance for investigators interested in one or more of these markers and illustrate the range of information available and ongoing research needs. Substantial data have accrued for the sex steroids and carotenoids. Although increasing information is available for a subset of inflammatory markers (e.g., interleukin-6 and tumor necrosis factor-a), limited data are available for other markers of inflammation as well as for proteomics. Please note that, in the interest of space, we only cite representative references.
Sample Type and Timing of Collection
Either serum or plasma (with different anticoagulants) can be collected, each having advantages and disadvantages depending on the biomarker of interest (1) . In addition, timing of the sample collection is important because some biomarkers can fluctuate yearly, seasonally, monthly, daily, or hourly.
Sex Hormones. In general, sex hormone levels (2-4) are similar when comparing serum, EDTA plasma, and heparinized plasma. Several (2, 4) studies have suggested higher levels of estradiol and testosterone in EDTA or heparinized plasma versus serum; however, differences were modest, and thus, both serum and plasma are acceptable for these biomarkers. One study (3) reported lower testosterone levels in citrate plasma versus serum that is likely due to a dilutional effect of the liquid anticoagulant (5) .
Timing the sample collection for measurement of estrogen and progesterone is difficult in premenopausal women, as levels vary widely across the menstrual cycle. To date, several different strategies have been used. For example, in the Nurses' Health Study II, premenopausal women were asked to collect their samples at specific times in the menstrual cycle (early follicular and midluteal), when sex hormones are relatively stable from day to day, and return a postcard with the date of their next menstrual cycle. This allowed accurate dating of the luteal phase collection. Alternatively, the European Prospective Investigation into Cancer and Nutrition Study asked women to collect a sample on any day of their menstrual cycle and then provide specific dates of their cycle before (and if possible after) blood collection and their average cycle length (6) . Ovulation kits also can be used to time sample collection for a certain number of days after ovulation. The method of collection is in part dependent on the study population and resources. In addition, a strong circadian variation exists for some steroids (e.g., dehydroepiandrosterone) and should be considered.
Ascorbic Acid and Carotenoids. In general, carotenoid levels can be measured in either serum or plasma and are not affected by the anticoagulant used (7, 8) . As for timing of collection, carotene and retinol levels can have substantial seasonal variations across the year (9) , suggesting the importance of controlling for timing either in the study design or analyses.
Inflammatory Markers. Most studies to date have assessed interleukin-6 and tumor necrosis factor-a, and these cytokines are somewhat sensitive to specimen type (10, 11) . However, results are conflicting about the relationship between type of plasma anticoagulant or serum used and measurable levels, although most studies suggest that EDTA plasma is optimal (10, 11) . Clearly, more data are needed for a wider range of cytokines and about the best timing for blood collection for these biomarkers.
Proteomics. Several recent articles (12) (13) (14) suggest that serum samples provide a poor substrate for most proteomic assays because of the large number of serum-specific, clotrelated peptides produced that account for >40% of all peptide peaks (13, 14) . The best type of plasma anticoagulant varied by the type of proteomic assay being conducted (e.g., differential peptide display worked poorly with heparin plasma; ref. 14) . Data are too limited to make specific recommendations about optimal timing of sample collection; thus, it is important to track all preanalytic variables when collecting samples, as some factors (e.g., fasting, time of day, and medication use) may affect the measured proteome.
Sample Processing
Sample collection and its subsequent processing should be conducted in a rigorous and standardized manner, and, although certain collection methods are advised (e.g., immediate processing of samples), they are sometimes not possible in epidemiologic studies. Alternate strategies, then, must be developed that are feasible and acceptable to participants and do not substantially affect assay measurement. For example, we wanted to collect blood samples from participants in the Nurses' Health Study II; however, because the cohort is geographically dispersed across the United States, it was infeasible to have samples collected at a central hospital or clinic. After pilot testing for feasibility, we mailed women a blood collection kit with instructions and asked them to have someone draw the blood and then ship it back via overnight courier and with a chill pack to the study laboratory where it was processed into plasma, RBC, and WBC components. Extensive pilot testing showed that many analytes were not substantially affected by the plasma remaining unprocessed for 24 to 48 hours, whereas others (e.g., vascular endothelial growth factor) cannot be assessed with this protocol. Delayed blood processing is a common occurrence in epidemiologic studies, and thus, substantial literature is available about its effects.
Sex Hormones. Delayed processing of up to 72 hours, either at room temperature or chilled, does not seem to alter levels of estrogens and most androgens (3, 4, (15) (16) (17) , although several studies have reported increasing testosterone levels with delayed processing likely due to ex vivo conversion of precursor hormones (3, 16, 17) . However, this increase was modest in magnitude and levels were highly correlated across delayed processing times, suggesting that it is acceptable to measure testosterone in samples where processing was delayed. Samples should be aliquoted into appropriate airtight tubes to prevent degradation with long-term freezing.
Ascorbic Acid and Carotenoids. Carotenoids are stable for up to 1 week in whole blood if kept chilled (16); at room temperature, some carotenoids can degrade, although the changes were small (17, 18) . Delayed processing of >24 hours may degrade ascorbic acid levels even if the samples are chilled (3). The chemical structure of carotenoids and ascorbic acid makes them potentially susceptible to oxidative damage or isomerization with exposure oxygen, light, or heat (18) . Several studies, however, have reported that exposure to indoor light, but not outdoor light, before processing or replacing air in vials with nitrogen gas did not alter levels substantially (18, 19) , suggesting that normal processing methods are acceptable for carotenoids and ascorbic acid. If ascorbic acid is of primary interest, an acid stabilizer, such as metaphosphoric acid, should be included before freezing, although a recent study reported that, even after 7 to 11 years of storage at À196jC, ascorbic acid levels were reasonably well correlated (r = f0.6) in samples with versus without an acid stabilizer (20) .
Inflammatory Markers. In general, samples should be kept refrigerated or cooled during processing because some inflammatory markers can degrade or increase at room temperature (11, 17) . Both interleukin-6 and tumor necrosis factor-a seem to degrade after f4 to 6 hours at room temperature (11) .
Proteomics. In contrast to recommendations for inflammatory markers, samples to be used for proteomic assays should be processed immediately at room temperature [because cool temperatures can activate platelets and release peptides into the sample ex vivo (14)], aliquoted into airtight tubes, and frozen in liquid nitrogen or À70jC freezers (13) . Any other processing methods should be pilot tested thoroughly. It also may be important to make the sample platelet poor by additional centrifugation or filtering (13, 14) to reduce the influence of highly abundant platelet-derived proteins (14) . Further, recent evidence recommends consideration of a protease inhibitor(s) before freezing to reduce cleavage of proteins ex vivo (13) , although this will vary according to the specific assay of interest (i.e., whole proteins versus peptides), and care should be taken in analyzing results because the molecular mass of protease inhibitors can overlap those in the proteome (13) .
Freezer Temperature and Long-term Storage
Both mechanical and liquid nitrogen freezers are used in epidemiologic studies. Storage temperatures vary, with liquid nitrogen freezers ranging from À130jC to À196jC (depending on whether samples are in the liquid or vapor phase) and mechanical freezers between À20jC and À80jC. In a study of 15 mechanical freezers, the freezer display panel reported the temperature as À81jC to À74jC but the measured temperature varied substantially (À90jC to À43.5jC) in part by location within the freezer (21) . Thus, liquid nitrogen freezers may be a better choice for very long-term storage of samples, such as in prospective studies, because they have a consistently lower temperature. Clearly, degradation over time is an important issue especially for samples stored for long periods; however, assessing whether degradation has occurred is complex (e.g., it can be difficult to separate out degradation due to long-term storage versus changes in the laboratory assay over time).
Sex Hormones. Storage at À20jC may not be acceptable for sex hormones (22, 23) . In particular, sex hormone -binding globulin may dissociate from estradiol and testosterone, decreasing measurable nonbound levels of these hormones CEBP Focus: Biorepository and Biospecimen Science (22) . However, long-term storage at <À70jC seems to be acceptable for most sex hormones (2).
Ascorbic Acid and Carotenoids. Substantial decreases in carotenoid levels can occur when stored at À20jC for only 6 months (19, 24) . One study reported a 15% decrease in measurable carotenoid levels at 6 months and a 97% decrease over 10 years (19) . However, carotenoid levels in samples stored at <À70jC remained stable for up to 10 years (19, 25) . As mentioned previously, long-term storage of ascorbic acid generally requires the addition of an acid stabilizer before freezing.
Inflammatory Markers and Proteomics. Few studies have examined the effect of long-term storage on inflammatory marker levels or proteomic assays. Thus, in general, it is recommended to keep specimens stored at <À70jC to help assure valid results. Several studies have examined the effects of multiple freeze-thaw cycles on these biomarkers and report sensitivity of some inflammatory markers (11) as well as the proteome (13); hence, freeze-thaw cycles should be avoided.
Conclusions
Acceptable collection and storage procedures for sex hormones, carotenoids, inflammatory markers, and proteomics are shown in Appendix A. In addition, we leave the reader with several general recommendations. First, it is important to balance optimal sample type/collection with flexibility. For example, even if serum is a better sample type for one analyte of interest, collecting plasma may be particularly useful because WBC and RBC can be more easily aliquoted and stored at the same time. Second, one should attempt to standardize important blood collection variables (e.g., month or time of day of blood collection) across participants or within matched groups of participants. Related to this, careful collection of preanalytic variables for each sample collected is critical. Third, to minimize the possibility of degradation, it is best to freeze samples at the coldest possible temperature especially if samples will be stored for a long time. As always, it is important to pilot test any nonstandard methods thoroughly. Ultimately, decisions about sample type, processing method, and storage depend primarily on the scientific questions of most interest, cost, flexibility, and resources. Each study may require different choices.
Sex hormones
Relatively robust to various sample collection or processing methods Use of serum or EDTA or heparin plasma is acceptable Collect an ample volume of sample, as the assays require up to 0.3-0.5 mL per hormone If possible, collect a fasting, morning sample, and in premenopausal women, standardize the collection time in the menstrual cycle Delayed processing up to 72 hours is acceptable Store samples in airtight vials at VÀ70jC Ascorbic acid and carotenoids
Relatively robust to various sample collection or processing methods Use of serum or heparin plasma is standard; EDTA plasma is acceptable Can be exposed to indoor light, but not sunlight Has some seasonal variation; therefore, if assessing changes over time, collect in the same month or control for month in the analysis Processing samples can be delayed up to 1 week, but samples should be chilled
Store in airtight vials at VÀ70jC
For storage over long periods, best to include an acid stabilizer (e.g., metaphosphoric acid) if measuring ascorbic acid Can assay after two or fewer freeze-thaw cycles
Markers of inflammation
Relatively few cytokines evaluated to date Modestly robust to various sample collection or processing methods EDTA plasma is best sample type, although serum and heparin plasma are acceptable Delay in processing time should be minimized (<48 hours) and samples kept chilled; tumor necrosis factor-a and IFN-y can only be measured in samples processed immediately Store in airtight vials at VÀ70jC May assay after up to six freeze-thaw cycles depending on the analyte Proteomic assays
Sensitive to various sample collection or processing conditions Serum not recommended as it can introduce clot-derived peptides; use of EDTA, heparin, or citrate plasma depends on application Best to process sample to make it platelet poor to reduce platelet-derived peptides; consider inclusion of protease inhibitor(s) to reduce ex vivo cleavage of proteins Minimize number of freeze-thaw cycles (<2) Currently recommended processing procedure Remove platelets by centrifuging twice or by centrifuging followed by a filtration step at room temperature Process immediately or within 1-2 hours, although longer delays may be acceptable depending on the application Store in airtight vials Store in liquid nitrogen or À80jC in high-quality freezer Track all preanalytic variables
Cancer Epidemiol Biomarkers Prev 2006;15(9). September 2006
Specimen Collection, Processing, and Storage
